"True 3D" display technologies target replication of physical volume light distributions. Holography is a promising true 3D technique. Widespread utilization of holographic 3D video displays is hindered by current technological limits; research activities are targeted to overcome such difficulties. Rising interest in 3D video in general, and current developments in holographic 3D video and underlying technologies increase the momentum of research activities in this field. Prototypes and recent satisfactory laboratory results indicate that holographic displays are strong candidates for future 3D displays.
INTRODUCTION
True 3D displays have always been the ultimate goal in visual communications.
1 What discriminates a "true 3D" display from the others is the targeted goal: True 3D techniques attempt to physically duplicate the light that fills a 3D volume. In other words, true 3D techniques do not rely on human perception to yield a sense of 3D. If the duplication of the volume filling light field is achieved perfectly, then the observer of the duplicated light, whether it is a camera, an animal or a human, will capture, or perceive, the same visual content as if looking at the original. Assuming that the original was a 3D scene with 3D objects in it, the observer who is looking at the duplicate, which may be created at a different time, at a different place, will see the same 3D environment. Original and its duplicate will be optically indistinguishable.
Currently available 3D displays, on the other hand, are usually stereoscopic, and therefore rely on human perception for 3D observation. Stereoscopic technology is almost 170 years old. 2 Since the target in stereoscopy is only to replicate the two focused retina images, one for each eye, the technique is far from a true 3D display. The human visual system will not receive an identical optical stimulus compared to the original input, when watching stereoscopic video, and therefore, the quality of perception is inferior. The unnatural features of the stereoscopic stimulus results in a viewing discomfort which is similar to motion sickness. 4, 5 Even though current end-to-end digital techniques, and restricted parameters reduced this problem significantly, it is always there, at different degrees for each observer, due to intrinsic problems associated with the stereoscopy.
The two techniques which target true 3D viewing are the integral imaging and holography. [6] [7] [8] [9] [10] Integral imaging attempts to recreate the original optical light field distribution using lens arrays 11 and operates also with incoherent light; incoherent light is a desirable feature in displays. Analysis of integral imaging systems are usually based on ray optics techniques. Holography, on the other hand, attempts to recreate wavefronts based on principles of diffraction and interference. Coherent light is a must in capturing holograms, but this may be relaxed during the display phase.
Here in this paper, an overview of current state-of-the art in holographic display research is presented. Some prototypes from different laboratories are mentioned together with few commercial prototypes. Recent results from research at Bilkent University is presented.
Some of the problems in holographic displays are due to parameters of underlying electro-optical components that are available today; such limitations prevent easy solutions for satisfactory displays.
12, 13 Proposed methods to somewhat relieve such restrictions include head-tracking systems which render holograms for small angle reconstructions that only accommodate the two tracked pupils of the observer; the hologram is refreshed as the observer moves.
14 Other group of currently studied systems include multi-SLM based solutions; 15 time multiplexing is also utilized.
Another group of problems arise during the generation of holographic signals which are to be written on the display device. There are two common approaches: holographic signals are either captured by holographic camera set-ups, 17, 18 or those signals are computationally generated from a given 3D input scene which is described using computer graphics techniques. 19 In either case, significant processing is needed. In the first group, the captured holographic signals must be converted to interface the capture-end and display-end properties and parameters; for the second group, the signals must be custom-generated to fit the display-end characteristics. Real-time processing to support video is quite difficult since the processing requirements are demanding. 20, 21 Certain approximations, which in turn show up as degradations, are usually adopted. Furthermore, certain techniques which employ suitable fast computer architectures, like GPU based processing, or special purpose programmable hardware structures are used. 15, [22] [23] [24] [25] [26] [27] [28] [29] [30] In Section 2 an overview of various holographic display designs from different laboratories are presented. In Section 3 a real-time phase-only holographic video display system from Bilkent University is outlined. In Section 4 a GPU-based fast algorithm for real-time holographic frame generation algorithm at video rates from Bilkent University is outlined. In Section 5 a brief outline of a multi-SLM design specifications are indicated. Conclusions are drawn in Section 6. 33, 34 In their work, inline phase holograms are calculated by iterative algorithms and phase-only spatial light modulators are used for holographic reconstructions. Time and space multiplexing of SLMs is one of the common approaches. Sato et al. use time division switching of lasers by using electronic shutter to obtain color holographic reconstruction.
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In addition, Shimobaba et al. proposed a method that uses time multiplexing of LEDs for color holography.
16, 38
Another color holographic display system was discussed by Ito et al. 39 Different from previous methods, they use space multiplexing to generate color holographic reconstructions. In recent papers, Ohmura et al. reported a method to increase the viewing angle of the hologram by using a mirror module. Another color holographic display system was proposed by Takano et al.; [40] [41] [42] [43] they used a metal halide lamp to illuminate the SLMs. In other papers from the same group, a full-color electro-holographic 3D display system with LED illumination is reported.
44, 45 Hahn et al. proposed a holographic display system with a curved array of SLMs. 46 They used the the holographic stereogram technique for generating holograms. The viewing angle is larger due to the curved structure.
An early prototype is developed by the Spatial Imaging Group at MIT Media Lab;
47-54 the holographic display systems from MIT (Mark-I, Mark-II and Mark-III) use acousto-optic modulators or guided-wave optical scanners to render volumetric objects in video frame rates. A commercial holographic display system prototype is produced by SeeReal.
14, 55-58 The distinguishing feature of their approach is the reconstruction of only the portion of the wavefront originating from the object that actually enters the eye pupils of an observer. Yet another company, QinetiQ, developed the so called Active Tiling system. 59 The system uses a high frame rate electrically addressed SLM to tile the hologram onto a non-pixellated optically addressed SLM. The system is able to display more than 100 megapixels digital holograms. A research group in Chiba University developed a holographic display system, named Horn (HOlographic ReconstructioN). 26, [60] [61] [62] [63] [64] [65] In their systems the computer generated holograms are calculated by using field programmable gate arrays (FPGAs). The latest version, so called Horn-6, has four FPGA chips and uses a look-up table to calculate digital holograms at video frame rates. Another electro-holographic system is developed by National Institute of Information and Communications Technologies (NICT).
66 The system has three major parts: a capturing system, a computing system and a holographic display system. The capturing system has a ultra-high-definition (8K × 4K) integral imaging camera. Digital hologram of the captured scene is calculated in real time and displayed by using three SLMs. 
REAL-TIME PHASE-ONLY COLOR HOLOGRAPHIC VIDEO DISPLAY SYSTEM
The proposed system consists of three major components (See Fig. 1) . 15, 25 The first component is the client where 3D model of the object is stored. The second part is the server. The 3D information that is stored in the client is sent to the server through an internet connection. The server calculates the color hologram in real-time and directs it to the display which is the third component of the overall system. The display part consists of spatial light modulators (SLMs), optics and light sources. Reconstructions were recorded with the help of a CCD camera without a lens on it.
Algorithm
Fast computation of the digital holograms is essential in real-time holographic displays. In our system we use Accurate Compensated Phase-Added Stereogram (ACPAS) 22 which is proposed by Kang. It is an enhanced version of Compensated Phase-Added Stereogram (CPAS).
23 CPAS algorithm is slightly faster; however, ACPAS gives better results in terms of reconstruction quality. The reconstructions from holograms that are generated by ACPAS are similar in quality to those from Fresnel holograms. Moreover, computation time of ACPAS is shorter than the Fresnel holograms due to employed approximations and the nature of the algorithm which can be implemented in parallel. Therefore it is suitable for real-time applications. The details of the algorithm is presented in Section 4
Client and Server
Time-varying scene of our rigid 3D model is stored in the client. The model consists of discrete points floating in the space (point-cloud model). For each frame of the 3D scene, 3D information for each object point (3D coordinates and the color) are sent to the server through the internet. When the server receives the 3D information, it immediately starts to compute the hologram of that 3D scene. The hologram is calculated by the ACPAS algorithm. ACPAS first starts with an empty hologram and divides it into square size segments. Each object point in the point cloud has a contribution within a segment. The contribution from a single point onto a segment is approximated as a single complex sinusoid weighted by a corresponding amplitude. Finally, within a segment, all contributions from object points are superposed. The details of the algorithm is presented in Section 4.
Holograms are calculated by using graphical processing units (GPUs). Segmented structures of the holograms are suitable for parallel processing; therefore, GPUs speed up the computation. Furthermore, in order to increase the frame rate, three GPUs are used and pipelined to achieve real-time computation. Since our spatial light modulators are phase-only, we discard the amplitude of the resultant complex fringe pattern and we only use the phase information as a phase hologram. This process is executed for each color (red, green and blue) and the resultant phase holograms are merged into a single RGB bitmap image. The computer graphics unit sends that RGB image to the driver of the spatial light modulators.
Display
The display part consists of light emitting diodes (LEDs), spatial filters, beam expanders, non-polarized beam splitters and SLMs (See Fig. 2) . The light that emerges from LED first passes through a spatial filter. This increases the spatial coherence of the light. Then beam expander collimates the light to obtain a plane wave. Each 
Results
It is observed that scenes that contain 10,000 object points can be displayed in real-time by using three GPUs. The proposed system also shows that the point-based 3D representation can be transmitted through the network for real-time applications. Although LEDs have a wider spectrum, reconstructions are satisfactory. The viewing angle is quite limited due to pixel size of the SLMs; it is possible to view the reconstructions within an angle of only few degrees. Furthermore, the reconstruction size is in the order of the size of the SLMs (order of a cm.). As a result, it can be concluded that the proposed system can be used as a color holographic video display system within the limitations as mentioned above.
FAST DIGITAL HOLOGRAM GENERATION ALGORITHM
The accurate compensated phase-added stereogram (ACPAS) is one of the candidates in the reported methods so far. 20, 27, [67] [68] [69] [70] The quality of reconstruction is similar to the quality obtained from direct hologram generation algorithms; furthermore, the algorithm can be executed quite fast using parallel architectures. 15, 24, 25, [71] [72] [73] [74] The ACPAS has following characteristics: partitioning the hologram plane, significantly reduced computational complexity, parallelizable algorithm, and computation of each segment using inverse fast Fourier transform (IFFT). As a first step for the computation of the ACPAS, a hologram plane is partitioned into square segments. The contribution from each object point to associated segment is determined for each segment. This process is repeated for all object points, and these contributions are superposed on the associated segments. Finally, each segment is transformed by IFFT. A perspective image of the used 3D model and numerical reconstructions from the Rayleigh-Sommerfeld (R-S) integral and the ACPAS are shown in Fig. 3 . As seen Fig. 3 , the qualities of the reconstructed images from the generated fringe pattern by using the ACPAS and the R-S are similar.
In case of the direct methods such as computation of Rayleigh-Sommerfeld integral or its approximations, the contribution of each object point corresponding to each pixel on the hologram plane is calculated, and thus, the computational complexity of such a method is O(nm), where n is the number of pixels of the digital hologram and m is the number of object points. ACPAS is based on partitioning the hologram plane, and the contribution of each object point is calculated for each segment. Therefore, the computational complexity is significantly reduced to O(ms), where s is the number of segments. In addition, the computation of the contribution from each object point to a segment and the IFFT process per segment are standalone processes. Therefore, ACPAS can be accelerated on parallel computing platforms. In our system, the ACPAS is implemented on two different computing platforms: a graphic processing unit (GPU) based platform and a central processing unit (CPU) Number of points
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Rayleigh-Sommerfeld on CPU ACPAS on CPU ACPAS on GPU based platform, and the computation times are measured. The results are shown in Fig. 4 . The computation time of direct implementation of the R-S integral is used as a reference. As shown in Fig. 4 , the ACPAS on the GPU-based platform is significantly accelerated (up to 300 times faster than the ACPAS on CPU-based platform, and up to 130 thousand times faster than the reference on CPU-based platform for one million object points) and video frame rate is achieved for 10,000 object points. The used parameters are as follows: the hologram size is 1K × 1K pixels, the segment size is 32 × 32 pixels, and the IFFT size is 64 × 64 pixels. The computing system has an Intel(R) Xeon(R) CPU 2GHz, 8-GByte memory and a NVIDIA r Geforce r GTX 285 video cards. The ACPAS algorithm is implemented by using NVIDIA's compute unified device architecture (CUDA) TM technology
The GPU provides single and double precision arithmetic for floating point computation. The computational speed of the single precision arithmetic on GPU is much faster than the double precision case, however the accuracy of the single precision is degraded due to the restricted available length of floating point data. ACPAS uses phase-compensation method to improve the quality of the reconstruction, thus, the ACPAS on the GPU with single precision results in significant phase errors because the phase computation is sensitive. The accuracy of the ACPAS algorithm for single and double precision arithmetic is evaluated.
24 Peak signal-to-noise ratio (PSNR) is used as a measurement method for the numerical reconstructions from the fringe patterns by using the ACPAS in two different floating point precision. Then the reconstruction from the R-S hologram was used as the reference. The PSNR levels are measured according to the increasing number of object points. As a result, the PSNR levels compared with the reference case was almost the same for single and double precision arithmetic computation. Since the available numbers of bits of single and double precision format are different, the phase distributions of fringe patters with single and double precision are also different. However, the reconstruction qualities are comparable. Therefore, the ACPAS can be further accelerated on GPU computing platform with single precision arithmetic without significant quality degradation.
SPECIFICATIONS OF A SATISFACTORY QUALITY HOLOGRAPHIC DISPLAY SYSTEM
Appropriate space-bandwidth product of the hologram has to be specified for a comfortable viewing angle in electro-holographic displays. The bandwidth of the holograms may be restricted based on the limitations of the human visual system. The maximum spatial frequency of the human visual system determines the maximum bandwidth of the hologram and therefore the maximum diffraction angle. Limitation of the diffraction angle indicates the minimum hologram size for a stationary observer. In addition, if the observer is free to move along the lateral direction, hologram size increases accordingly. If the display system supports also the rotational motion of the human observer, bandwidth and the size of the hologram both increase. Therefore, for a comfortable viewing angle, space-bandwidth product has to be significantly larger than the stationary observer case. Alternatively, large space-bandwidth product may be relieved by implementing an adaptive systems which tracks the observer location and adjusts the illumination angle of the SLM, instead of a stationary orthographic illumination.
If the Nyquist rate is satisfied and low-pass filtering is used to recover the original field, a low-pass filtering prior to sampling is required to avoid aliasing. This is achieved by using a 4-f system with a spatial filter. Furthermore, the pixellated nature of the SLM creates higher diffraction orders during the display. If a low-pass filter is not used right after the SLM, required pixel sizes decrease significantly to eliminate the overlapping of diffraction orders.
In a study, it is shown that higher than 4-bit quantization gives satisfactory results. 75 Therefore we can conclude that the number of quantization levels of the available SLMs is more than needed. Speckle noise is another issue in holographic displays. There are many methods to eliminate this undesirable effect. One of the possibilities is to use LEDs. LEDs have both time and space coherence to some extent. Although due to low coherence characteristics reconstructions might be somewhat blurred, there is no observable speckle noise. Reconstructions can also be observed by naked eye when LEDs are used.
Reconstruction quality when the SLM is illuminated by an oblique incident light is examined. Based on our experiments we can conclude that the results are still satisfactory up to 25 degrees of tilting. There are also polarization issues for tilted reconstructions. From the experiments, we again show that reconstructions are still satisfactory up to 20 degrees of tilting and we can use this result for the design of a cylindrical holographic display.
In addition to oblique incident illumination of the SLMs, need for off-axis holograms arises in order to get rid of the undiffracted beam. However, this increases the maximum frequency content of the holographic pattern. In order to support those higher frequencies, pixel periods should be decreased. Therefore we can conclude that using off-axis hologram may change the required pixel size significantly. In addition, since tilting of the reference beam is in one direction, pixel periods only in corresponding direction will decrease; and therefore, non-square pixel shapes will appear.
Most of the electro-holographic display systems are planar. However, since planar holographic displays require more space-bandwidth product to satisfy motion and rotations, necessity of using circular or spherical configuration of discrete SLM patches is obvious. Fig. 5 shows a spherically arranged electro-holographic display design.
CONCLUSIONS
Holographic displays are good candidates for futuristic true-3D displays. Research activities on holographic displays are gaining momentum throughout the world, and promising preliminary results have been demonstrated. There are even some commercial prototypes. As the underlying technologies further develop, and as better holographic display designs appear, satisfactory quality holographic displays with fewer constraints may emerge. Computational performance associated with generation and processing of holographic signals will certainly improve as more and more signal processing based tools are adopted to these problems.
